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Abstract: Aerogels of cellulose exhibit remarkable mechanical properties as a function of density. Modifying 
the pore volume in classical cellulose aerogels using sacrificial template methods provide scaffold like 
microstructure. In the present study, we have developed aerogels of cellulose scaffolds having almost same 
density values but differ in microstructure and analysed the influence on the mechanical properties of bulk 
materials. This study can give an insight into the materials design for advanced engineering materials. 
Employing four surfactants having difference in hydrophilic-lipophilic balance (HLB), namely polyoxyethylene 
tert-octylphenyl ether (PT), polyoxyethylene (20) oleyl ether (PO), polyoxyethylene (40) nonylphenyl ether 
(PN) and polyoxyethylene (100) stearyl ether (PS), the cellulose scaffolds with hierarchical porous structures 
were developed. The mechanical properties of cellulose scaffolds were compared with classical pure cellulose 
aerogels. The results indicate that the solid fraction of cellulose nanofibers per unit volume of cell walls of 
scaffolds plays an important role in determining the elastic properties and strength. As the nanofibrils support 
the cell walls of scaffolds, Young’s modulus can be improved if the concentration of cellulose nanofibers is high 
at the cell walls or cell wall thickness is larger. The scaffold materials of this kind could be used as supporting 
materials with desired properties for filter, catalysis and biomedicine. 
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Highlights: 
 The aerogels of cellulose scaffolds with hierarchical porous structures were developed. 
 The hierarchical porous structures were designed by using four different surfactants. 
 The entrapped oil droplets in the cellulose matrix act as a structural template. 
 The solid fraction per unit volume of cell walls of scaffolds influences the mechanical property. 
 The structural design of pore channels play major role in defining the elastic property. 
 
 
1 Introduction 
Aerogels of cellulose are one of the classes of open porous lightweight materials. They possess interconnected 
nanofibrillar network with high specific surface area. The production of regenerated cellulose aerogels is widely 
developed by physical dissolution and regeneration of cellulose from different solvent media [1,2]. Regenerated 
cellulose aerogels exhibit poor crystallinity, most often cellulose II [3-5], though the only exception was 
recently reported when zinc chloride tetrahydrate was used as a solvent [6]. The pore size distribution was 
polydisperse, ranging from mesopores to few hundred nanometers of macropores. Depending upon the 
concentration of cellulose content, the pore size distribution varies, that means the envelope density exhibits a 
linear relationship with cellulose concentration [7-10,2]. As a function of density, the bulk materials have 
improved mechanical properties [6,7]. 
Bringing in the hierarchical porous structures in cellulose-based materials can provide the lightweight skeleton 
and pore volume with the desired mechanical function, mass transport and storage and/or adsorption properties. 
Designing the cellulose porous structures with a lot of useful properties is a rapidly growing field of interests 
[11-15] due to the fact that cellulose is a non-toxic, biodegradable and environmentally friendly polymer. 
Sacrificial template methods can be employed for engineering the porous structures [13-16] where frozen ice, 
porogen particles or surfactant-stabilized oil droplets act as structural template producing macropores replicating 
the shape of the templates. The modification of size and shape of the templates can yield diversified porous 
structures. In many literatures, frozen ice crystal-template was mostly employed to produce macroporous 
structures by controlling freezing conditions during freeze drying of the wet gels [11,15,16]. Pircher et al. have 
produced hierarchical porous structures using porogen-type particles as templates and employing supercritical 
CO2 drying [13]. In our recent publication, we have employed oil-droplets as template to produce hierarchical 
porous structures in which the diversified physical properties were developed by utilizing different drying 
techniques, namely supercritical CO2 drying, freeze drying and ambient drying. In all the reported literatures, 
the bulk density and porosity of cellulose aerogels had direct influence on the mechanical properties. 
In the present paper, we demonstrate the influence of hierarchical porous structures on the mechanical properties 
of cellulose aerogels having almost the same values of relative density and same porosity. The understandings 
from these studies can provide insight into the materials design for advanced engineering materials. For that we 
have adapted the surfactant-stabilized oil template method to produce the hierarchical porous structures using 
surfactants having different hydrophilic-lipophilic balance (HLB). The following surfactants have been chosen: 
polyoxyethylene  tert-octylphenyl ether (PT; HLB = 13.5), polyoxyethylene (20) oleyl ether (PO; HLB = 15), 
polyoxyethylene (40) nonylphenyl ether (PN; HLB = 17) and polyoxyethylene (100) stearyl ether (PS; HLB = 
18) in order to modify the hierarchical porous structures. Employing these surfactants, the cellulose aerogels 
having same physical properties have been prepared, but huge differences in microstructures composing 
hierarchical porous structures have been observed. The distribution of meso- and macroporous structures in the 
cellulose matrix and the supporting nanofibrils in the cell walls of cellulose scaffolds play a significant role in 
influencing the mechanical properties. The cellulose aerogel materials produced by this method with desired 
physical and structural properties could be utilized as supporting materials with desired properties for 
applications such as filter, catalysis and biomedicine. 
 
2 Experimental 
2.1 Materials and methods 
All chemicals were used as received. Microcrystalline cellulose (medium fibres, product number is C6288), 
calcium thiocyanate tetrahydrate (95%), glyceryl trioctanoate, polyoxyethylene tert-octylphenyl ether (TritonTM 
X-100; PT), polyoxyethylene (20) oleyl ether (Brij® 98; PO), polyoxyethylene (40) nonylphenyl ether, branched 
(IGEPAL® CO-890; PN) and polyoxyethylene (100) stearyl ether (Brij® S 100; PS) were purchased from 
Sigma-Aldrich. Hydrophilic-lipophilic balance values of surfactants were obtained from the materials safety 
data sheet. In the gel preparation process deionized water was used. Supercritical drying was carried out in an 
autoclave using pure carbon dioxide, following the procedure reported by Hoepfner et al [8]. The products were 
characterized by envelope density measurement (Micromeritics - GeoPyc 1360), skeletal density (Micromeritics 
- Accupyc II 1340; Gas pycnometer - Helium), BET nitrogen adsorption-desorption isotherm analysis 
(Micromeritics - Tristar II 3020). The skeletal density was observed to be 1533 g/l, after analysing various 
samples of cellulose. Compression tests were performed on a universal testing machine from Latzke using 
samples of cylindrical shape (~10 mm diameter and ~10 mm height) and a compression rate of 1 mm/min. For 
soft samples a force head with 100 N and for hard samples a force head of 500 N were used. The mechanical 
data presented below in the results section are averages of at least three measurements and the standard 
deviation is given, showing that the reproducibility is around 1-3 %. The physical properties and the mechanical 
data of AC-4 and ACS-PO were newly collected for freshly prepared samples and characterized although they 
were previously reported in literature [14]. The data of AC-2 were adapted from the previous report [14]. The 
relative density of the cellulose materials is calculated from the ratio between envelope density (ρe) and skeletal 
density (ρs). However the traces of removal of calcium thiocyanate and the cleanliness of cellulose aerogels 
were confirmed as per the methods reported in our earlier literature [14]. The crystallinity of aerogel materials 
was confirmed to be cellulose II [14]. The microstructure was analysed on the SEM pictures using the ImageJ 
program by first thresholding the images to reveal the macropores and the cell walls. Then 10 -15 equidistant 
lines were superimposed over the resulting binary image and the linear intercept in the macropores determined, 
in the cell walls and the macroporosity was determined from the ratio of the line length in the pores in relation to 
the total line length on the image. In addition the macroporosity was determined on the binary images by 
directly evaluating the number of pixels in the macropores and relating it to the total number of pixels in the 
image. 
 
2.2 Synthesis of cellulose aerogels 
The aerogels and aerogel scaffolds were prepared by the methods reported in literature [14]. Classical aerogels 
of cellulose containing 2 and 4 wt% of cellulose were abbreviated in the text as AC-2 and AC-4. Aerogels of 
cellulose scaffolds (ACS) prepared using four different surfactants, PT, PO, PN and PS which were labelled as 
ACS-PT, ACS-PO, ACS-PN and ACS-PS respectively. Cellulose (4 wt%) and calcium thiocyanate tetrahydrate 
(96 g) were mixed together in the presence of water (80 mL) and heated up to 117 °C. Once the dissolution of 
cellulose was confirmed, the hot (125 °C) oil and surfactant mixture was added to it. After 15 minutes stirring at 
150 rpm, the mixture was transferred to the mould and cooled to room temperature. After 16 hours, the gel body 
was washed first with acetone and then several times with ethanol. The alcogels were dried under supercritical 
condition to get aerogels of cellulose scaffolds.  
Although the oil and surfactant mixture were prepared by the same way how it was reported [14], the properties 
of surfactants should be taken into account. PT is a clear liquid and can be easily miscible in the oil phase. Other 
surfactants were waxy solids having melting points close to room temperature. PS has highest melting point that 
is 51-54 °C in comparison with PN (46-47 °C) and PO (30-40 °C). Therefore the waxy solid was dispersed in 
the oil phase and the surfactants were molten above the melting point and homogeneously dispersed in the oil 
phase. Understanding the HLB values, PS with its long polyoxyethylene chain (HLB = 18) is more hydrophilic 
than PN (HLB = 17), PO (HLB = 15) and PT (HLB = 13.5). Adapting the synthesis procedure reported in 
literature [14], changing the surfactants from PO to PT, PN and PS unaffected the entrapment of oil droplets and 
the cellulose gel appearance had no difference. 
 
3 Results and discussion 
3.1 Synthesis of cellulose aerogels 
We have adapted the surfactant-stabilized oil template method for designing the cellulose aerogels having 
hierarchical porous structures. Figure 1 shows the schematic diagram of the synthesis method preparing the 
cellulose scaffolds. In this method, after mixing oil and surfactant mixture to the cellulose solution, oil droplets 
were entrapped into the cellulose-dissolved molten calcium thiocyanate hydrate during gelation. The surfactants 
PT, PO, PN and PS play an important role in stabilizing the oil droplets entrapped in cellulose solution during 
gelation by controlling the surface tension between the immiscible liquids, cellulose solution and oil. In this 
method of scaffolds preparation, the surfactant stabilized oil droplets act as a structural template. There was no 
difficulty in removing oil droplets and surfactant from the cellulose matrix. They were easily washed out 
together with calcium thiocyanate tetrahydrate by alcohol. After washing and supercritical drying, the 
hierarchical porous structures were established in the cellulose aerogel matrix. 
3.2 Physical properties of cellulose aerogels 
The physical properties of cellulose scaffolds are summarized in Table 1. After supercritical drying, apparently, 
the aerogels had volume shrinkage from the alcogels. It was observed to be 8.5 % for AC-4 and ranging 16 to 21 
% for AC-2, ACS-PT, ACS-PO, ACS-PN and ACS-PS. ACS had very similar values of envelope density in 
comparison with AC-2. In the cellulose scaffolds preparation, the concentration of cellulose content is 4 wt%. 
The addition of equivalent weight percentage of oil caused bringing in additional macropore volume and 
simultaneously it reduced the density of the final cellulose material. The envelope density of cellulose aerogels 
with 4wt %, AC-4 was 115 g/L. After bringing in the hierarchical macropore structure, the envelope density 
value of cellulose scaffolds was around 55 g/L. But the porosity got improved (see Table 1). It was almost same 
value for AC-2 and ACS being in average about 96 %.  
The BET isotherm linear plot of ACS-PT is shown in supplementary information (Fig. SI-1). It showed the type 
IV isotherm according IUPAC nomenclature. There was no major difference between the BET specific surface 
area values of ACS-PT, ACS-PO and AC-2 which was in the range between 287 and 303 m2/g whereas the 
scaffolds ACS-PN and ACS-PS showed lower value (262 and 245 m2/g respectively). It can be reasoned out that 
due to the high hydrophilicity of PS (HLB = 18) and PN (HLB = 17), the surfactant could have good physical 
interactions with cellulose chains through the hydrogen bonding in comparison with the surfactant, PT and PO. 
During gelation and washing process, the surfactants may have influenced the assembly of cellulose chains 
during formation of nanofibers. 
 
3.3 Microstructures of cellulose aerogels 
In Figure 2, the scanning electron microscopy images of classical cellulose aerogel samples are compared. The 
image of AC-2 and AC-4 show finely distributed nanofibrillar structure with meso- and macropores. It is clearly 
observed that the macropore sizes are in the range between 100 nm and 1 µm. The magnified images on the 
right side show the nanofiber thickness that was estimated to be in the range between 8 and 12 nm.  
Figure 3, 4, 5 and 6 show the microstructures of aerogel scaffolds, ACS-PT, ACS-PO, ACS-PN and ACS-PS 
respectively. The images showed the distribution of macropores which were produced by oil template method 
and the dimensions of the cell walls. The interesting features in the cell walls of scaffolds were the 
interconnected nanofibrillar structures (Fig. 3d and 4b) and the finely distributed secondary porous structures (2 
to 200 nm). The nano-felt fibre thickness was about 8-12 nm.  
In the case of ACS-PT, the scaffolds with a very wide distribution of macropore sizes, 50 to 600 µm were 
observed (Fig. 3a). The microstructure seemed to be closed foam structure if the pores (Fig. 3d) in the cell walls 
were not taken into consideration. The macropores produced by oil templates were observed to be close to 
spherical shape and they were interconnected through pores on the cell walls. There, only few neck parts were 
noticed between the macropores (Fig. 3c) which were about 10 to 20 µm in size. These neck parts of 
macropores could have been produced due to the coalescence of oil droplets during gelation. Mostly, the cell 
wall thickness varied between 750 nm and 1 µm. In some parts, the node point with thicker cell walls (30 – 100 
µm) between 3 and 5 cells were observed. 
In the case of ACS-PO, the macropores size distribution was ranging from 100 to 400 µm and the size and 
shapes of pore channels vary (Fig. 4a). The cell wall thickness was in the range between 35 to 175 µm. As it can 
be seen, no circular or spherical shapes were found and the macropore shapes were seemed to be an 
interconnected worm-like structure. The neck parts of the macropores were noticed to be in the size range 50 to 
100 µm.  
In the case of ACS-PN and ACS-PS, the macropores were smaller in size. ACS-PN showed also wide range of 
macropores and they were close to spherical in shape (Fig. 5). It was noticed that a macropore (30-40 µm) 
possessed many neck parts (4-20 µm). The cell wall thickness was about 1-3µm.  
For ACS-PS, the macropore size distribution was in the range between 2 and 35 µm (Fig. 6). The shapes of 
macropores were almost close to spherical. As it can be observed, the bigger macropores (20-30 µm) were 
interconnected to each other with many neck parts with a size range of about 2-10 µm. The cell wall thickness 
was about 250 nm-2 µm.  
These huge morphological differences in the cellulose scaffolds are accomplished by using the surfactants with 
different HLB values. It can be concluded from SEM data that increasing the HLB value of surfactant (PS; HLB 
= 18) can stabilize smaller oil droplets resulting in producing macropores being about 80% smaller in size and 
reducing the cell wall thickness maximum about 96-98 %.  
 
3.4 Mechanical properties of cellulose aeorgels 
The mechanical properties of the cellulose materials are compared in Table 2. The solid fraction of cellulose, 
i.e., relative density of the materials did not show major difference because of their nearly same physical 
properties like volume shrinkage, envelope density and porosity. Figure 7 shows the compression stress-strain 
curve of the cellulose materials. In the deformation process during compression, the stress-strain curve of 
cellulose materials show initially a rapid increasing elastic regime, after then smooth plastic collapse region and 
finally densification after 65 % of strain. The compressive strength of the material is taken from the yield stress 
at 1 % of strain (see table 2). Bringing hierarchical structures to the aerogel of cellulose 4 wt%, AC-4, not only 
decreased the envelope density about 50 %, but also caused severe impact on the mechanical properties by 
drastically decreasing the elastic modulus and yield strength. In general decreasing the relative density of the 
open porous materials decreases the Young’s modulus, lowers the yield stress and decreases the energy 
adsorbed per unit volume.  
In the present study the chosen materials, AC-2, ACS-PT, ACS-PO, ACS-PN and ACS-PS have nearly close 
values of relative density, i.e., the solid fraction in the bulk material is almost near constant values. Comparing 
with the AC-2, ACS samples had lower yield stress, about 3 to 6 times lesser than AC-2. As the initial linear 
elasticity is caused by the bending of the nanofibrils in the open pore space, the elastic modulus of aerogels and 
aerogel scaffolds are relying on how the nanofibrils are distributed in the matrix. For the comparison of ACS 
materials, the neck diameters, the distribution of macropore sizes and cell wall thickness should be taken into 
consideration. 
For the comparison of structural and mechanical properties of classical aerogels of cellulose and cellulose 
scaffolds, first the aerogels of AC-2 and ACS-PO should be discussed as the structural differences shows great 
impact on Young’s modulus data. In the case of AC-2, the elastic deformation occurs by simply folding up the 
nanofibrils continuously throughout the sample preceding the plastic deformation. Comparing the elastic 
modulus with AC-2, the samples ACS-PO acquire a slightly higher elastic modulus. This suggests that the 
nanofibrils in the cell walls of scaffold, ACS-PO preferably undergo elastic deformation followed by elastic 
deformation of the cell walls. Further, due to the bigger macropores and thicker cell walls, the cell wall bending 
can contribute to the elastic modulus. In order to follow the microstructural changes in plastic region, the 
compression test experiment was carried out on ACS-PO sample up to 25 % strain and the scanning electron 
microscopic images were taken before and after the measurements (see Fig. 8a and 8b). Figure 8b represents the 
deformation of cell walls during plastic collapse at 25% of strain which are bending, plastic collapse and 
buckling of the cell walls. The interconnected pore structures perpendicular to the compression axis are 
immediately forced to undergo cell wall collapse in comparison with the pores aligned in the parallel direction. 
And it suggests that the thicker cell walls with interconnected nanofibrillar supports resist the loading of 
compression stress whereas thinner cell walls fail. 
The elastic modulus of ACS-PS with thin cell walls (250 nm-2 µm) had a lowest Young’s modulus of 0.63 
MPa. In comparison with AC-2 and ACS-PO, due to the less solid fraction of cellulose and the closely packed 
smaller macropores (3-30µm), the nanofibrils in the cell walls of ACS-PS fail to bear the compressive stress. In 
comparison with ACS-PS, ACS-PN shows little higher Young’s modulus and lower yield stress. Both of these 
samples have macropore size in average diameter about 30 µm and many holes on their cell walls, i.e. neck parts 
between two cell walls. In this case, the neck diameter between two macropores should be taken into account. 
The neck diameter of ACS-PS is about two times smaller than ACS-PN. The smaller pore size provides more 
with standing strength than the bigger pores. Therefore, ACS-PN with its bigger macropore and neck diameter 
results in high Young’s modulus and low yield stress in comparison with the ACS-PS. However the failure of 
mechanical resistance of ACS-PS proposes that the nanofibrils in the cell walls undergo elastic deformation and 
then plastic collapse occurs by simply folding up the cell walls. 
In the case of ACS-PT, due to the random arrangement of macropores with a wide range of pore size, thin and 
thick cell walls and very less cellular packing with neck parts (maximum neck size about 20 µm), the cellular 
scaffold material loses it elastic property. Young’s modulus of ACS-PT is 2.4 times lesser than ACS-PO. On the 
contrary, yield stress of ACS-PT is little higher than ACS-PO. Here, the major stress resistance property comes 
from cellular packing with no neck parts. That means the nanofibrils present in the cell walls provide good 
impact on yield stress. 
From the SEM pictures of ACS-PT one can show by image analysis that the volume of the macro pores is 
around 55% and the cell walls partly have a thickness of around 120 µm. The material ACS-PT has almost 
spherical pores with thinner cell walls than ACS-PO. Image analysis of ACS-PO reveals a macro pore volume 
of 58% and a cell wall thickness in the range 35-175 µm. It also looks as if the cell walls have only a few holes 
connecting them to other pores. ACS-PN has very thin cell walls with many holes in them. The macro pore 
volume is around 71 % and the cell walls have a thickness of only 2 µm. ACS-PS has also very thin cell walls, 
around 2 µm thick, but much they have more holes in them in comparison with ACS-PN. The macro pore 
volume fraction is estimated to be 72 %. The relative density of all materials is, however, almost constant at 
0.04 despite the large difference in observable macro pore volume. This must mean that the solid fraction of 
cellulose inside the cell walls is different. Addition to that point, BET specific surface area of ACS-PS indicates 
that the fibril thickness of cellulose may be bigger than other ACS samples. One can make a simple calculation 
as follows. If     denotes the solid fraction inside the cell walls,     the envelope density of the cell walls, then 
the envelope density of the macro-meso porous materials is simply given by     = 	   	    where we have 
neglected the term stemming from the density of air inside the pores. The envelope density of the pore walls is, 
however related to the solid fraction of cellulose    inside them, meaning     =   	  . Thus we have that the 
relative density is      = 	     ⁄ = 	   	  . The small variation in relative density of the four materials includes 
a larger variation of solid cellulose fraction in the cell walls. One can calculate a variation between 8% for ACS-
PO and 13% for ACS PS and –PN. This means, the cellulose fibrils in the cell walls of ACS-PS and –PN are 
closer packed or thicker fibrils.  
In porous body theory [17] Young’s modulus of open or closed cell foams depends essentially to some power on 
the relative density. Since this value has only a small variation in the macro-meso porous material, the scaling 
laws derived by Gibson and Ashby fail. This is especially clear looking at the yield strength at 1% plastic strain. 
The values of the four materials differ by a factor of 3, but there is no trend with either the relative density or the 
macropore volume or the cell wall thickness.  
Nevertheless, summarizing the results, the elastic behaviour reflects the microstructure: ACS-PS and –PN have 
the thinnest cell walls with many holes in them and therefore they should have a low elastic modulus. ACS-PT 
has the anisotropic cell structure with less neck parts between two cells and lowest volume fraction of 
macropore and therefore, its Young’s modulus should be larger than ACS-PS and ACS-PN. Especially ACS-PO 
with the thickest cell walls should have the highest Young’s modulus. The stress needed to plastically deform 
ACS-PS and –PN should be smaller than that of the other two, since first they have large pores into which any 
deformation or buckling of the walls can easily be extended without touch neighbouring walls and secondly 
their cell walls are rather thin and can buckle easily. 
Although thus qualitatively one can understand the mechanical behaviour we are currently of from a 
mathematical model to describe the deformation curves of this new material. 
4 Conclusion 
We have demonstrated the influence of hierarchical porous structures on the mechanical properties of cellulose 
aerogels by designing scaffold materials using two surfactants, PO and PS. In the case of ACS-PO, randomly 
arranged worm-like macropores (maximum 250 µm width) were observed whereas in the case of ACS-PS 
smaller macropores (maximum about 30 µm) were found. The results indicate that combining the hierarchical 
structures with macropore size above 100 µm, the cell wall thickness above 50 µm and the nanofibrillar network 
in the cell walls, it can be possible to enhance the elastic property of the scaffolds materials, which can be 
comparable to pure aerogels of cellulose having similar relative density values. The solid fraction of cellulose 
nanofibers per unit volume of the cell walls is an absolutely essential criteria to enhance the mechanical 
properties. As the interconnected nanofibrillar structure in scaffolds structures supports the cell walls, the bulk 
hierarchical porous structure is resisting the compression to some extent until the elastic deformation of 
nanofibrils fails. This new method of scaffolds preparation can be generalized to tune the hierarchical structures 
in micro- and macroscopic dimensions using different surfactants. These pure scaffold materials of cellulose 
with hierarchical structures could be used as supporting materials in variety of applications like filters, catalysis 
and biomedicine.  
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Figure 1: Schematic diagram of the method of cellulose scaffolds preparation.  
  
  
 
 
Figure 2: Scanning electron microscopy images of classical aerogels of cellulose: (a) AC-2 and (b) 
AC-4. 
 
  
  
Figure 3: Scanning electron microscopy images of aerogels of ACS-PT. 
   
 
Figure 4: Scanning electron microscopy images of aerogels of cellulose: ACS-PO. 
   
 
  
Figure 5: Scanning electron microscopy images of aerogels of cellulose: ACS-PN. 
 
  
Figure 6: Scanning electron microscopy images of aerogels of cellulose: ACS-PS. 
 
 
 
 
 Figure 7: The compression stress-strain curve of cellulose materials.  
 
  
Figure 8: Comparison of microstructural changes of ACS-PO: before compression test (a) and after 
25 % of compression (b). The compression of the sample occurred from top. 
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Supplementary information 
 
 
Figure SI-1: Nitrogen adsorption-desorption isotherm linear plot of aerogels of cellulose scaffold 
(ACS-PT). 
 
 
